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ABSTRACT

Employing a new threshold detector that utilizes the inelastic

scattering reaction to the isomeric state of Ba137, the time-integrated

neutron flux above 1.9 Mev was measured in the General Atomic Triga
reactor. The values compare favorably with those extrapolated from
measurements of the flux above 2.9 Mev given by the standard sulfur
pellet method, and evidence thus far indicates that the new method may
provide a whole new series of threshold detectors.

1. INTRODUCTION

An important phase of neutron radiation damage experimentation
is the measurement of the neutron flux that produces the damage. The
most versatile flux measurement method available today is the foil ac-
tivation method. 1In this method, the activation produced in various
materials by the neutron flux is used to measure the flux in specific
energy regions., Three types of activation foils are currently in use--
thermal, resonance, and threshold. Thermal foils are used to measure
the integrated energy-dependent flux in the thermal region (0 to — 0.4
ev).. Resonance foil are used to measure the energy-dependent flux at
specific energies by means of large, isolated resonances in the neutron
‘absorption cross section. Threshold foils are used to measure the
integrated energy-dependent flux above a specific energy. At present,
thermal and resonance folls can be used to measure the energy-dependent
flux up to 10 Kev, while threshold foils can be used to determine the
energy-dependent flux above 600 Kev. This leaves a considerable gap,
between 10 and 600 Kev, where no measurements can be made at the present
time by foil techniques.

A search through the neutron cross-section tables immediately makes
it apparent that there are no large, narrow, isolated resonances in the
energy range of interest. The main reason for this is that the energy
levels in the intermediate compound nuclei are very close together for
energies of 100 Kev or more. Thus we are forced to rely on threshold de-
tectors for any measurements in this region.

A threshold reaction is one that has a negligible or zero cross
section below a certain energy. For example, if a given (n,p) reaction
is endothermic by an amount Q, then the incoming neutron must have an
energy greater than Q for the reaction to be energetically possible.
Thus, the cross section for this particular reaction is zero for energies

(A+1)Q
A

less than ; where A is the atomic weight of the target nucleus. As

explained below, it may be possible to use this reaction to measure the inte-
grated energy-dependent flux above the threshold. In exothermic reaction,
the threshold is determined by the coulomb barrier penetration of the inter-
acting particles. An example of this is the fission cross-section threshold
of heavy elements with an even atomic mass number, such as U234 and U238.




In this case, the coulomb barrier that must be overcome by the fission
fragments is greater than the binding energy of the absorbed neutron,
and so the incoming neutron must supply the energy difference,

All of the threshold reactions used for detection purposes today
are of the (n,p), (n, @), (n,2n), or (n,f) type. The (n,2n) reaction
is highly endothermic, having thresholds in the 5-to-10 Mev energy
range, and above. The (n,Q) reaction has a large coulomb barrier that
produces thresholds of the order of 5 to 10 Mev., The (n,p) reaction is
usually endothermic as well as hindered by the coulomb barrier, and
thresholds greater than 1 Mev can be expected. The (n,f) reaction
also has thresholds outside of the energy range of interest for even
atomic mass number. For odd atomic mass numbers effective thresholds
have been produced by using boron shielding, but these artificial
thresholds are subject to error and still are not in the right part
of the spectrum. In the search for threshold detectors in the Kev
energy range, it was decided to ignore the types of reactions mentioned
above because of their seeming inability to produce thresholds in the
right range and because of the difficulty of obtaining cross-section
data on these reactions.

The only common threshold reaction not mentioned above, and one
that appears to have been igaored up to this time, is the (n,n') re-
action, or inelastic scattering. 1In this process the neutron interacts
with the nucleus and is scattered, but the nucleus is left in an excited
state -- thus the term inelastic scattering. 1In most cases, the excited
nucleus immediately returns to its ground state with the emission of a
gamma ray. However, in certain nuclei the lifetime in anexcited state
may be of the order of minutes, hours, or even days. These long-lived
excited states are known as isomeric states, and the excited nucleus
is called an isomer of the ground-state nucleus. Thus we are provided
with a simple means of telling how many inelastic scattering reactions
to a given isomeric state have occurred--by measuring the decay rate of
the isomeric state after irradiation by the neutron flux. It also turans
out that the energy of these isomeric states is between 50 Kev and 2,2
Mev, thus providing thresholds in the region of interest.

A thorough search of the nuclide charts was made to choose the best
possibilities for the threshold detectors. The choices were determined
by four criteria: (1) proper location of threshold (10 through 600 Kev),
(2) sufficient isomer half-life (> 0.5 sec), (3) low internal conversion
of gamma rays and (4) freedom from competing reactions.

No consideration was given to the availability of the pure isotope
or to magnitude of the cross section (only very limited cross-section
data are available at present). Table 1A presents the best prospects
for stable isotopes, and table 1B presents the best prospects for long-
lived radioactive isotopes. The threshold was determined from the

relation Et = éil—QI where Q¥ is the energy of the isomeric state and

A is the atomic mass of the scattering nucleus in amu. The extra energy
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is needed to conserve momentum in the process. The e/t ratio is the
number of internal conversion electrons emitted per gamma ray emitted by
the decaying isomers., Since it is easier to eliminate competing radia-
tions by gamma spectroscopy, the €/y ratio should be as small as possible.
When several gammas are given, the isomer can decay by several paths or in
a cascade,

Of the isotopes in tables 1A and 1B, the only one for which suitable
cross section data were available was Barium-137, To investigate the
feasibility of this flux measurement system, it was decided to attempt
flux measurements with the Bal3? in the General Atomic Triga reactor
at Torrey Pines, California, and to compare the results with those
from a standard threshold detector. The standard detector used in this
test was Sulfur-32, which measures the integrated flux above 2.9 Mev by

means of the S3z(n,p)P32 reaction. Since the Ba137 measures the integrated
flux above 1.9 Mev, a comparison of the plots of the sulfur and barium
fluxes should give a good picture of the accuracy and consistency of the
new method. This describes the testing procedure and gives the results

and conclusions of the test that was performed 22 through 25 August 1960.

2. THEORY

The rate at which a specific neutron-induced reaction occurs in a
reactor is given by

oo
- -+
R -_-j j S (r,E)$(r,E, t)dV dE
\4 (o)

where E:is the macroscopic cross section for the reaction and ¢ is the
energy-dependent neutron flux. If the volume considered is small enough

V" and ¢ may be -onsidered constant in space and the formula reduces to
oo

R = Y[ EJ (E){(E,t)dE. If the reaction considered has a threshold, that
0
is, the cross section is zero below an energy Et’ then the formula be-

comes

(e}
R=1V j 2. (EYO(E,r) dE
E

t
Finally, if Z:ié constant above Et’ which is a step function, then
foo
= ) = 5 *(t)) * =
R _.5:\7 ) O(E,t)dE = ) V ¢int (t) ‘where ¢int is the energy-integrated
Et




neutron flux above'Bt. If No is the number of atoms of the product of

the reaction present at time t, then

dN
o
dat ~ Ly M{o = §:v¢int*(t) - M‘o
where A is the decay constagt of the product. The solution to this

-t At' ‘et
equation is No(t) = e j e zv@int*(t )dt'. In a pulse reactor

o
such as Triga, the pulse duration is of the order of milliseconds,

and A t' << 1 for half-lives greater than 0.1 sec. In this case

t -
N, -[ zwmt* (t')at’ '}-«wint immediately after the pulse, where
()
¢1nt is the time and energy integrated neutron flux above Et' After

removal from the flux, the product of the reaction will decay with its
characteristic decay constant A, if it is unatable. The number of pro-
.duct atoms remaining at a time t sec .after removal from the flux is

N -_Noerkt, and the decay rate 18 A = NN = ANoe-kt. Thus, by measuring

the decay rate and knowing ), No can be determined. From this, ¢int
can be calculated if E:and V are known,

Barium-137 has an isomeric excited state producing a 660 Kev gamma ray
with a half-1life of 2.60 min. The cross section for inelastic scattering to
this state is shown in figure 1. This cross section includes direct ex-
citation to.the isomeric level and excitation to higher levels that im-
mediately decay to the isomeric level. The higher-level excitation gives
rise to the several jumps in the cross-section curve. The ideal case
would be where only direct excitation is possible. Then the cross-section
curve would more nearly resemble a step function. 8ince the values
of the cross section have only been measured up to 3 Mev, it will have to
be assumed that the cross section levels off and remains constant at 600
millibarns. Future measurements will have to be extended to at least
10 Mev. to make accurate calculations. The actual cross section will have
to be replaced by a step function with an effective threshold in order
to use the threshold technique described earlier. The effective thres-
hold is determined from the relation

oo 00
© step [ ¢(E)dE = ~ (E)Q(E)dE
Eeff Et

where ¢ (E) is the flux into which the barium is to be placed., Although
¢(E) is not known, it is assumed to be close to a fission spectrum, and

10
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it has been shown that E et is not very sensitive to changes in the
shape of Q(E). Thus a :?ssion spectrum can be assumed for O(E), and

the above equation can be numerically integrated to give Eef In

f'

the present case E = 1.9 Mev if the height of the step is 600

(-3 4 4
millibarns, Once a flux spectrum has been determined by the use of
many foils, this known spectrum can be used to get new Eeff's’ This
iterative process can be repeated until the Eeff's stabilize. In
actual practice, it will probably turn out that the original E f's
do not change appreciably when the new spectrum is used. The ggep
cross section is also shown in figure 1.

3. EQUIPMENT

Since costs prohibited obtaining pure 35137, the detectors were
made of natural Ba003 powder inclosed in watertight plastic capsules.

The capsules were made by drawing hot polyethylene over a brass form
by air suction (figure 2), The capsules were then packed with a known
welight of powder (approximately 1 gram) and heat sealed (figure 3),

To eliminate as many competing reactions as possible, it was
necessary to shield the pellets from thermal neutrons to prevent various
(n,y) reactions from occurring. This was done by placing the capsules
inside a cadmium shield approximately 30 mils thick. This decreased
the thermal flux at the pellet by a factor of 10, while letting over
99 percent of the fast neutrons through. The only other reaction that
produces appreciable radiation besides the various (n,Y) ones is the

(n,n') reaction in Balas. However, this produces a 268-~kev gamma ray

that does not interfere with the 660-Kev gamma of Ba137m.

Gamma ray counting was done with a NaI(TZ.) crystal, Dumont 62982
photomultiplier tube, Hamner N351 preamplifier, Hamner N401 high-voltage
power supply, Hamner N302 pulse-height analyzer, and a Hupp model 400
counter,

4. PROCEDURE

Flux measurements were made on the General Atomic Triga reactor.
Triga is a water and zirconium hydride-moderated, water-cooled, pulse-
type reactor with a cylindrical core. 8urrounding the cylindrical core
is a graphite reflector, All measurements were made outside the core of
the reactor., A core diagram, showing positions of fuel elements and con-
trol rods in the top grid plate, is shown in figure 4. 1In each measure-
ment a cadmium-covered barium pellet and a sulfur pellet were used to-
gether. Positioning of the pellets was accomplished by lowering them
through 16 ft of water with a string. Four traverses were made across
the face of the top grid plate as shown in figure 4, Traverses I, II,
and II1 were each made twice, while traverse IV was only made once,
Several circular traverses were made on the top grid plate over the F-ring,
and one vertical traverse was made from the top grid plate to 20 in. above
the plate.
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Figure .. Diagram of top grid plate
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After the barium pellets were irradiated they were immediately re-
moved from the reactor, taken out of their cadmium shields, and counted.
Three counts of 30-sec duration for each pellet were made several minutes
apart. Thirty or more minutes after irradiation, the pellets were again
counted to determine the long-lived background activitg. This was sub-
tracted from the original counts to get the actual Bald7m activity. Only
counts in the photopeak for the 660-Kev gamma ray were recorded. This
cut down considerably the residual background. The efficiency of the

cognting system was determined pgg%odically by means of a calibrated
Cc1l source, which decays to Ba m, and thus emits the same gamma ray.

This efficiency measurement included geometry, scattering, and gamma-ray
internal conversion factors, but did not include self-shielding factors,
which were assumed negligible for the small pellets. Only five pellets
could be irradiated at any one time because the short half of the Bal37m
limited the time available for counting. The sulfur pellets were shipped
to the Army Chemical Center at Edgewood, Maryland, for counting and flux
evaluation.

5. REDUCTION AND ANALYSIS OF DATA

Table 2 shows the steps by which the raw data were reduced to give
the barium flux (¢1 9). The residual background was subtracted from the

measured counting rates to give the numbers in the C-B column. This
column gives the number of counts recorded by the pulse height analyzer
that came only from the decay of Ba137m. A plot of C~B versus time after
irradiation on semilog paper will give a straight line whose slope is

equal to the decay constant of the Bal37m (i.e.,0.266 min~1l), Figure 5
shows these plots for the four pellets in table 2. The zero time inter-
cept of this graph gives the number of counts that would be recorded in

30 sec immediately after irradiation. These numbers are given in the graph
intercept column. The next column, A', is simply the graph intercept

column converted to counts per minute. The conversion factor is 2,13

instead of 2 in order to correct for the decay of the Ba137m during counting.

The efficiency of the system was determined by use of a calibrated Cs

source as mentioned previously. Ao is the acX?al decay rate of the Ba137m

O

= m. It was shown above

at zero time and is simply given by Ao
No

that N = Z:step V¢1.9. We also haV-zjsﬁep =3 itep where N = number of

pal3?

o
B ¢ hod - 2 ¢
atoms in volume V. Thus, ¢1.9 = § step = TN—step. N i1s given by

_ W _(6.02 x 10%%)g

(Mw)

N

where W = pellet weight
= molecular weight of BaCO3

5

Q = percent abundance of Bal37
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23
N = w (6.02 x 10 )(.1132) = 3.45 W 1020
(197.3)

and

o 1
(.2665)(3.45)(.6 x 10 2%) x 102°

A 4
¢19=1.81—w- x 10

The sulfur and barium fluxes are given in the last two columns.

The best way to show the accuracy and consistency of this method is
by a comparison of the graphs of sulfur and barium fluxes along various
traverses in the reactor., Figure 6 shows the average of two runs made
over traverse 1. Figure 7 shows the average of two runs made over
traverse 1I. Figure 8 shows the average of two runs made over traverse
II1. Figure 9 shows the results of a single run made over traverse IV.
The single vertical traverse is shown in figure 10. The average of the
circular F-ring traverses is presented in figure 11.

Figures 12, 13, and 14 show the need for cadmium shielding of the
barium pellets. Figure 12 gives a spectrum analysis of the radiation
emitted by a cadmium-covered barium pellet at various times after
irradiation, made with the 25f-channel spectrum analyzer at General
Atomic. Pigure 13 shows the same spectrum analysis for a pellet that
was irradiated bare. It is easily seen that the presence of competing
radiation almost obliterated the €70 Kev photopeak. Figure 14 shows
the decay curves of bare and cadmium-covered pellets after long-lived
residual background was subtracted. The curvature of the bare pellet
data is caused by competing radiation with half-lives on the same order
as that of the Bal3’™, This makes it very hard, if not impossible, to
get an accurate value of A . Also an estimate of the contribution to

A of the (n,y) reaction in Ba136 is needed. From this it is seen that

cadmium covers are a necessity.
If a fission spectrum is assumgd in the energy regions of the sulfur

and barium fluxes, the ratio zf = $l42 can be calculated by numerical
2.9

integration., This ratio comes out to be 1.88. Measured values of this
ratio for sulfur-barium pellet pairs were in general between 2.2 and
1.6. The average value for all pellets used was 1,89,
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6. CONCLUSIONS

The close correlation between the barium and sulfur flux plots and
the agreement of the bariums to sulfur flux ratio with that predicted by
the fission spectrum indicate that this foil detection system is at least
as accurate and consistent as the systems now in use. Further, the ease
in preparation and handling of the barium pellets is much greater than
for other detectors now in use. Approximately 100 barium pellets were
prepared in a single day at a material cost of less than one dollar.

The counting procedure was also extremely simple and accurate as shown
by the dechw curves. All evidence indicates that a complete investiga-
tion of all nuclei with isomeric states as possible neutron detectors

is desirable, and that it is likely that several new threshold detectors
should result.
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